Goose is an economically important herbivore waterfowl supplying nutritious meat and eggs, high-quality liver fat, and feathers. However, biogeograhpy of the gut microbiome of goose remains limited. The aim of this study was to investigate the microbiota inhabiting 7 different gastrointestinal locations (proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and rectum) of 180-day-old geese and the short-chain fatty acids (SCFA) of their metabolites based on 16S rRNA gene sequences and gas chromatography, respectively. Consequently, 3,886,340 sequences were identified into 29 phyla and 359 genera. Proteobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, and Actinobacteria were the major phyla, in which Bacteroidetes (28%) and Fusobacteria (0.8%) in the cecum were significantly higher than those in other sections (∼4.4 and 0.1%, respectively). In addition, Cyanobacteria in the gizzard (4.9%) was significantly higher than those in other gut sections except the proventriculus (2.4%). At the genus level, Bacteroides was the most dominant group in the cecum at 23.7%, which was much more than those in the 6 other sections (less than 4.6%). Moreover, Faecalibacterium and Butyricicoccus were significantly high in the cecum (P < 0.05). Results of SCFA showed that acetic and butyric acids in the cecum were significantly higher than those in the 6 other sections (P < 0.05); this result was consistent with the high abundance of Bacteroides, Faecalibacterium, Prevotella, and Butyricicoccus in the cecum. Additionally, isobutyric, isovaleric, and valeric acids were found only in the cecum. The different microbial compositions among the 7 gastrointestinal locations might be a cause and consequence of gut functional differences. All these results could offer some information for future study of the relationship between gastrointestinal microbiota and the ability of fiber utilization and adaptability.
INTRODUCTION
Goose is an economically important waterfowl in central Europe and Asia, especially in China, and is reared worldwide to supply nutritious meat and eggs, high-quality liver fat, and feathers (Hamadani and Khan, 2013; Gao et al., 2016) . The structure and function of the goose digestive system allows it to utilize a high-fiber diet due to an efficient and powerful proventriculus and gizzard, and also due to the effective microbial metabolism in the gastrointestinal tract (GIT) . Numerous studies indicated that the GIT microbiome plays an important role in the functions of the host, including nutrient absorption, metabolism, immune response, development, and C 2018 Poultry Science Association Inc. Received August 17, 2017. 1 These authors contributed equally to this work. 2 Corresponding author: defali@cau.edu.cn physiology (Clemente et al., 2012; Kamada et al., 2013; Sommer and Bäckhed, 2013; Lee and Hase, 2014; Li et al., 2017) . Disturbance of gastrointestinal microbiota in poultry can result in increased susceptibility to pathogen colonization and infectious disease, potential contamination of poultry products provided for consumers, and severe losses for the farmer (Corrigan et al., 2015) . Furthermore, gastrointestinal microbes metabolize dietary fibers through fermentation and decomposition to provide short-chain fatty acids (SCFA) as an energy source for the host (Bridgman et al., 2017; Joseph et al., 2017) , and acetate, propionate, and butyrate are the main metabolic products of microbes (95%) in animals (Wong et al., 2006; Ohira et al., 2017) .
Extensive studies have been conducted to reveal the microbial community of poultry GIT by using a culturedependent approach (Barnes, 1979) . Denaturing gradient gel electrophoresis (DGGE) fingerprints and 16S rRNA sequencing have been used to classify and 1 Supplied per kilogram of total diet: Vitamin A, 20,000IU; Vitamin D3, 4,500IU; Vitamin E, 300IU; Vitamin K3, 20 mg; Vitamin B1, l0 mg; Vitamin B2, 120 mg; Vitamin B6, 20 mg; Vitamin B12, 0.2 mg; Nicotinic acid, 600 mg; Pantothenic acid, 180 mg; Folic acid, l0 mg; Folate, l0 mg; Biotin, 0.8 mg; Choline, 7 g; Fe, 1.2 g; Cu, 0.2 g; Mn, 1.9 g; Zn, 1.8 g; I, l0 mg; Se, 6 mg.
identify intestinal microbes of poultry Li et al., 2017) . However, little information is available to clarify the spatial variation of gastrointestinal microbiota in goose. In the present study, we perform a comprehensive assessment for the spatial patterning of the microbial community in individual healthy goose GIT by high throughput sequencing and SCFA of their metabolites by gas chromatography (GC). Given that the proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and rectum are the major gastrointestinal sections (Pan and Yu, 2014) , the microbial diversity and community composition were investigated in these 7 different sections of geese.
MATERIALS AND METHODS

Geese and Sample Collection
A flock of 1,000 day-of-hatch Taihu geese (an important Chinese goose breed) purchased from a commercial hatchery was raised under standard commercial management, with a 24-hour photoperiod and 28 to 32
• C in the first wk, followed by a 16-hour photoperiod and a reduction by 4
• C per wk to a final temperature of 18
• C. The geese were allowed ad libitum access to water and commercial goose diet (Table 1) . At 180 d of age, 8 male geese with a body weight of 4.23 ± 0.30 kg were selected and euthanized by cervical dislocation. GIT were removed from the carcasses immediately. The luminal contents of the proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and rectum were harvested and labeled Pr1-Pr8, Gi1-Gi8, Du1-Du8, Je1-Je8, Il1-Il8, Ce1-Ce8, and Re1-Re8, respectively. The luminal contents were immediately frozen in liquid nitrogen and stored at −80
• C for isolation of metagenomic DNA.
All animals involved in the experimental procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang Academy of Agricultural Sciences.
DNA Extraction and High-throughput Sequencing
Total genomic DNA from each luminal content sample (∼200 mg) was extracted using a QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, CA) and stored at −80
• C. The integrity of the DNA 56 samples was evaluated on 1% (w/v) agarose gel. TheV3-V4 regions of the 16S rRNA gene were amplified with universal bacterial primers, namely, 338 F (5 ACTCCTACGGGAGGCAGCA-3 ) and 806R (5 GGACTACHVGGGTWTCTAAT-3 ). The PCR were carried out in triplicate with Phusion R High-Fidelity PCR Master Mix (New England Biolabs, Beijing, China) using a 20 μL of reaction system, which consisted of each primer (5 μM), DNA template (10 ng), dNTPs (2.5 mM), and FastPfu Polymerase (0.4 μL, TransGen Biotech, Beijing, China), and 1 × FastPfu Buffer (4 μL). The amplification conditions were as follows: 1 cycle of 95
• C for 2 min; 25 cycles of 94
• C for 30 s, 55
• C for 30 s, and 72
• C for 30 s; 1 cycle of 72
• C for 5 minutes. PCR products were visualized on a 2% (w/v) agarose gel electrophoresis. Samples with 400 to 450 bp strips were chosen to purify by Qiagen Gel Extraction Kit (Qiagen, Duesseldorf, Germany). Subsequently, sequencing libraries were generated using TruSeq R DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA) following the manufacturer's recommendations. Finally, after assessment on the Qubit@ 2.0 Fluorometer (Life Technologies, Carlsbad, CA) and Agilent Bioanalyzer 2100 system, the library was sequenced on an Illumina HiSeq 2500 platform with the generation of 250 bp paired-end reads.
Sequence Analysis
After assigning samples based on distinct barcode, read1 and read2 were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) (Magoc and Salzberg, 2011) . Quality filtering on raw sequences was performed according to the Qiime (V1.7.0, http://qiime .org/scripts/split libraries fastq.html) quality-controlled process to obtain clean tags (Caporaso et al., 2010b; Bokulich et al., 2013) . To obtain effective tags, the reference database (Gold database, http:// drive5.com/uchime/uchime download.html) was used to detect and remove chimera using the UCHIME algorithm (UCHIME Algorithm, http://www.drive5. com/usearch/manual/uchime algo.html) (Edgar et al., 2011; Haas et al., 2011) . Afterward, sequences with ≥97% identity were assigned to the same operational taxonomic units (OTU). A representative sequence for each OTU was screened according to the GreenGene Database (http://greengenes .lbl.gov/cgi-bin/nph-index.cgi) and RDP classifier (Version 2.2, http://sourceforge.net/projects/rdp -classifier/). To investigate the difference among the dominant species in different samples (groups), multiple-sequence alignment was conducted using the PyNAST software (version 1.2) (Caporaso et al., 2010a) . Alpha indices were calculated with QIIME (version 1.7.0) and displayed with R software (version 2.15.3) to analyze the complexity of species composition of samples. The principal coordinate analysis (PCoA) was used to evaluate the differences in the gastrointestinal microbial community.
Detection of SCFA in Gastrointestinal Tracts of Goose
An aliquot (0.1 g) of the luminal content of each gastrointestinal section was weighed, placed into 1.5 mL centrifuge tubes, respectively, and suspended in MQ water (9 times volume of the content). After centrifugation (12,000 rpm/10 min), 0.1 mL 25% (w/v) mixed solution of metaphosphoric acid and crotonic acid (internal standard) was added to the 0.5 mL supernatant. Finally, the mixed solution was used to determine the concentration of SCFA using capillary GC (GC-2010 plus, Shimadzu, Kyoto, Japan) after filtering by a membrane filter.
Statistical Analysis
Graphing and statistical analyses were conducted using the Graphpad Prism Program (version 5.0) and SPSS statistics software (version 20.0). Changes in bacterial abundance in different GIT sections were compared by ANOVA analysis accompanied with Tukey's honestly significant difference post hoc test. Significance was considered at P < 0.05. Results are presented as means ± standard deviation.
RESULTS
Microbial Complexity
A total of 3,886,340 sequences was obtained from 56 samples with the sequence number ranging from 57,250 to 79,752 per individual after quality filtering, and clustered into 138 to 1,070 OTU for each sample at the 97% sequence similarity value.
Microbial complexity in the proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and rectum was estimated on the basis of alpha-diversity indices (observed-species, ACE, Chao1, Shannon, Simpson, Good's coverage). The Chao1 and ACE were used to identify species richness; Shannon and Simpson were used to evaluate species diversity; observed species and Good's coverage were used to characterize sequencing depth. The Chao1 and ACE indices showed that the species in the proventriculus was the richest, and that in the ileum was the least. Shannon's and Simpson's indices showed that the gizzard and cecum had a higher diversity compared to the jejunum and ileum (Table 2 ). Good's coverage ranged from 99.7 to 99.9%, thereby indicating that the majority of bacterial phenotypes presented in each sample were identified.
Microbial Community Composition
All sequences were identified into 29 phyla, among which Proteobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, and Actinobacteria were the 5 dominant phyla (Figure 1) . Proteobacteria was largely dominant in the gizzard, duodenum, jejunum, ileum, and rectum, significantly higher than that in the cecum (10.4%). Bacteroidetes and Fusobacteria were more abundant in the cecum (28 and 0.8%, respectively) than those in other gastrointestinal locations (∼4.4 and 0.1%, respectively). Cyanobacteria was the most abundant in the gizzard (4.9%), followed by the proventriculus (2.4%) and duodenum (0.2%), sequentially (Figure 2) .
At the genus level, the sequences from the 56 samples were identified into 359 genera. The top 10 microbial genera across all gastrointestinal sections were Citrobacter, Psychrobacter, SMB53, Acinetobacter, Streptococcus, Lactobacillus, Bacteroides, Carnobacterium, Escherichia, and Faecalibacterium (Figure 3 ). Citrobacter and Psychrobacter were the predominant genera in the jejunum and ileum. Lactobacillus was also a dominant genus in the proventriculus, gizzard, duodenum, jejunum, and ileum. Bacteroides was the most dominant group in the cecum, accounting for approximately 25%; on the contrary, this genus was considerably less in the 6 other sections (less than 4.6%). Futhermore, Faecalibacterium was also higher in the cecum (Figure 4) . The distribution of other dominant genera in the GIT of goose is shown in Figure 5 . It was observed that the relative abundances of Prevotella, Oscillospira, Desulfovibrio, Peptococcus, and Butyricicoccus were also higher in the cecum than in the proventriculus, gizzard, duodenum, jejunum, ileum, and rectum.
Similarity in Microbial Community Composition
The similarity and difference of microbial community composition in 56 gastrointestinal content samples taken from the 7 gastrointestinal sections of 8 geese were shown in the PCoA plot. PC1 and PC2 accounted for 43.51 and 19.41% of the total variation, respectively. Consequently, the microbial community of the cecum formed a distinct cluster and separated from that of other gut sections (Figure 6 ).
The hierarchically clustered heat map analysis associated with the relative abundance of microbial composition was performed to determine the similarity, richness, and diversity of the bacterial community in the GIT of goose. The microbiota composition of the proventriculus and gizzard shared a cluster, while the duodenum, jejunum, and ileum formed another cluster with the rectum. The microbiota composition of the cecum separated from the 6 other GIT sections ( Figure 5 ). The hierarchical cluster of the bacterial community in different GIT sections was consistent with the anatomy of the GIT in goose.
SCFA in Different GIT of Geese
The SCFA concentrations varied in different anatomical regions in the GIT of goose. Acetic and butyric acids existed in all gastrointestinal sections; propionic acid was observed in the cecum and rectum; isobutyric, isovaleric, and valeric acids were found only in the cecum (Table 3 ). The concentrations of acetic and butyric acids in the cecum were significantly higher than those in other sections (P < 0.05).
DISCUSSION
Goose is a domesticated bird, and it can consume large amounts of green grass ). The rapid growth of goose renders it as one of the most valuable sources for protein, liver fat, as well as feathers for humans (Hamadani and Khan, 2013 ; Gao et al., 2016). The comprehensive characterization of the gastrointestinal microbial community in normal goose is important to understand and predict the changes in microbiota related to feed and physiological state. Different gastrointestinal sections possess distinct microbial community structure and play distinguishing roles in the growth and health of goose. Although the microbial community of the goose GIT already has been reported, these studies mainly focused only on the cecum and feces (Lu et al., 2009; Liu et al., 2011; Li et al., 2017) .
In the present study, we investigated the microbiota in the proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and rectum of goose supplied with commercial diet using 16S rRNA gene sequencing. Chao1 and ACE indices proved that the microbiota in the proventriculus and ileum was richest and the least, respectively. Shannon's and Simpson's indices showed that the microbiota in the gizzard and cecum was diverse, and the jejunum and ileum had the lowest diversity. The community composition analysis demonstrated that the dominant bacterial community in different gastrointestinal sections exhibited a discrepancy. In addition, the PCoA score plot and hierarchically clustered heat map revealed that the gastrointestinal microbial community in the cecum was evidently different from that in other gastrointestinal sections. All these differences could be due to the following: Each individual gut compartment displays a distinct function and physiochemical characteristic (Nakao et al., 2015) ; each section also is inhabited by a specialized microbial community (Dethlefsen et al., 2007; Rinttilä and Apajalahti, 2013) .
In the present study, microbial community composition analysis showed that Proteobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, and Actinobacteria were the major phyla in the GIT of goose. Wang et al. also demonstrated that Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes are the dominant bacterial phyla in the feces of bar-headed goose. These results indicate that the dominant phyla in the goose GIT are similar to other avians (Qu et al., 2008; Pan and Yu, 2014; Waite and Taylor, 2015) .
We also noted that Bacteroidetes and Fusobacteria in the cecum were considerably more abundant than these in other sections, in agreement with previous studies that Bacteroidetes is the major phylum in the cecum of Turkey (Andreano et al., 2017) and chicken (Xiao et al., 2017) .
At the genus level, it is observed that Bacteroides and Faecalibacterium were dominant in the cecum and higher than those in other sections, while the jejunum and ileum were dominated by Lactobacillus in this study, partly consistent with our previous research in chicken (Xiao et al., 2017) . Bacteroides has been proved to be an important factor for fibrolysis and/or active fermentation of the microbial ecosystem in the GIT (den Besten et al., 2013) . Additionally, Bacteroides and Faecalibacterium are involved in the abundance of CD4 + T cells in circulation and intestinal tissues and anti-inflammatory cytokine production (Hegazy et al., 2017) . Therefore, these multifunctional microorganisms are associated with the specific role of these sections in bird health and performance. Moreover, the different gastrointestinal sections exhibited different dominant genus, which may be attributed to that each gastrointestinal section plays a distinct role during goose growth. However, different from our findings, Wang et al. ) proved using the DGGE technique that the dominant bacteria in the intestinal tracts of goose are Pseudomonas sp., Burkholderia sp., Kocuria sp., Rothia sp., Gamma proteobacterium, Clostridium colinum, Bifdobacterium sp., and an uncultured bacterium. This difference may be due to the different detection methods, environments, goose breeds, and diets used.
Multiple gut microbiotas regulate metabolic reactions via the microbiome and host genome, thereby leading to combinatorial metabolism of substrates, such as production of SCFA (Nicholson et al., 2012) . In this study, we found that the cecum generated more SCFA than any other sections in goose, which indicates that the cecum is the core location of fiber fermentation in geese. Moreover, the increased SCFA production in the cecum may be closely related to the microorganism community structure of goose in that Bacteroides, Faecalibacterium, Prevotella, and Butyricicoccus were more enriched in the cecum than those in other sections, because these genera are important bacteria to produce SCFA (Macfarlane and Macfarlane, 2003; Liu et al., 2011; Zhang et al., 2015) . For instance, Bacteroides can produce acetate, and Faecalibacterium can produce butyrate (LeBlanc et al., 2017; Ohira et al., 2017) .
In conclusion, we characterized the microbiota structure and SCFA in 7 different gastrointestinal locations of goose. Significantly different structures and compositions of microbiota were observed in different gastrointestinal sections, which was in accordance with the distribution of SCFA. We found that the high abundance of SCFA in the cecum may be associated with the enriched inhabitant of SCFA-producing bacterial genera Bacteroides, Faecalibacterium, Prevotella, and Butyricicoccus. Moreover, acetic and butyric acids were richer in the cecum than those in other sections, which may be the reason that these microbiotas mainly produce acetic and butyric acids. Collectively, these data create a baseline for future goose microbiology study, which might contribute to the development of goose husbandry.
